Peripheral nerve stimulation has been used in the treatment of several chronic pain conditions including pain due to peripheral nerve dysfunctions, complex regional pain syndrome, and cranial neuralgias. It has been shown to be effective for chronic, intractable pain that is refractory to conventional therapies such as physical therapy, medications, transcutaneous electrical stimulations, and nerve blocks. Recently, a new generation of peripheral nerve stimulation devices has been developed; these allow external pulse generators to transmit impulses wirelessly to the implanted electrode, and their implantation is significantly less invasive. In this review, we discuss the history, pathophysiology, indications, implantation process, and outcomes of employing peripheral nerve stimulation to treat chronic pain conditions.
History and Introduction
The use of electricity for treatment of chronic pain can be traced back to the Romans, who used electric eels, a fresh water predator that can generate and release electricity to stun prey, for the treatment of various painful conditions. The modern era of neuromodulation for intractable and chronic pain was conceptualized after the publication of Wall and Melzack's gate control theory of pain in 1965 [1] . The first report of pain relief following electrical stimulation comes from Wall and Sweet, in 1967 [2] . Electrical stimulation was applied to eight patients with chronic neuropathic pain. The stimulation consisted of 0.1ms pulses at a rate of 100 Hz for two minutes; the voltage was adjusted until patients reported a tingling sensation in the affected area. After completion of the procedure, four of the eight patients experienced more than half an hour of pain relief. Since then, there have been tremendous advancements in the field of neuromodulation, including peripheral nerve stimulation (PNS). These advancements include improvement in ultrasound technologies, integration of ultrasound into clinical practice, percutaneous implantation techniques, smaller devices, and rechargeable and larger-capacity batteries. Within the last decade, PNS has been shown to be effective in the treatment of several painful conditions including complex regional pain syndrome [3, 4] , postherpetic neuralgia, posttraumatic neuropathy [5] , cranial neuralgias [6] , and various headache disorders [6] .
Pathophysiology
The most attractive hypothesis for the mechanism underlying PNS is gate control theory, which was published in Science in 1965 [1] . Gate control theory suggests that "gates" at the spinal cord dorsal horn laminae competitively regulate nonnociceptive and nociceptive input. Nonnociceptive input activates large-diameter sensory fibers that close the "gates" to nociceptive input, which is otherwise carried via smalldiameter fibers. The input from small-diameter fibers opens the "gates" and results in nociception (pain). This means that pain is perceived when these physiological 'gates' give way to pain signals and is less intense or not perceived when the gate closes. The theory explains why rubbing or massaging a painful site relieves pain: it causes stimulation of nonnociceptive fibers, which close the 'gates' [7] . Subsequently, techniques for peripheral nerve stimulation [8] were developed on the same principle.
Additional theories that have attempted to explain the pain relief provided by PNS include (1) excitation failure in cfiber nociceptors and suppression of dorsal horn activity, (2) stimulation-induced blockade of cell membrane depolarization preventing axon conduction propagation, (3) decreased hyperexcitability and long-term potentiation of dorsal horn neurons, and (4) depletion of excitatory amino acids (glutamate, aspartate) and increased release of inhibitory transmitters (GABA) [9] .
It should be noted, however, that pain perception is a product of the brain's processing of afferent inputs; the perception of pain involves numerous sensory, affective, and cognitive components [10] . Furthermore, afferent pathways interact with each other in many ways other than the "gates" mentioned above. Ultimately, it is the brain that controls the perception of pain and determines which stimuli are useful and which are to be ignored [11] .
Indications and Patient Selection
PNS has been shown to be efficacious in several chronic pain conditions including trigeminal neuropathic pain [12] [13] [14] [15] [16] , episodic cluster headache (supraorbital nerve stimulation) [17, 18] , chronic migraine/headache disorders (occipital nerve stimulation) [19, 20] , fibromyalgia (C2 area stimulation) [21, 22] , postherpetic neuralgia [23] [24] [25] [26] , complex regional pain syndrome type I [4, 27] and type II [28] , isolated peripheral neuropathy [29] , ilioinguinal, iliohypogastric, and lateral femoral cutaneous neuralgia [30] , back pain [31] , foot pain (tibial nerve stimulation) [32] , and coccydynia [21, 33] .
In general, PNS is recommended when a patient's symptoms are refractory to conventional interventions such as physical therapy, medications, transcutaneous electrical nerve stimulation (TENS), and nerve blocks. Prior to considering PNS, correctable pathologies such as nerve entrapment should be excluded with diagnostic and imaging studies. Additionally, psychological evaluation should be undertaken to identify factors that may impact the outcome, such as secondary gain, mood, and personality disorders.
The criteria for patient selection are as follows:
(1) Pain consistent with the sensory distribution of a single peripheral nerve These selection criteria are a consensus based on the clinical experience and suggestions of multiple published studies. However, no published studies show any predictive value for diagnostic peripheral nerve blocks or the efficacy of a TENS unit on PNS success [34] . Contraindications for the use of PNS mainly relate to surgical risk and include (1) coagulopathy, (2) infection in the surgical site, (3) psychiatric illness, (4) a failed diagnostic trial, (5) requirement of periodic MRIs, such as for cancer patients, and (6) complete sensory loss. Postoperative complications include infection, nerve damage, electrode migration, mechanical failure including disconnection of hardware, failure to provide adequate stimulation, and pain relief, pain, and cosmetic concerns.
Implantation Process
An implantable peripheral nerve stimulator consists of a single electrode with 8-16 contact leads. The electrode is implanted in close proximity to the targeted peripheral nerve, and either an implanted or external battery is used to stimulate the electrode. Traditionally, the placement of a PNS is a two-stage procedure. The first stage or trial phase involves the temporary implantation of an electrode to assess symptomatic relief. Most commonly, the electrode is placed through a 14G Tuoy needle in close proximity to the target nerve. Feletti and colleagues used small 3 mm incisions in the supra-auricular or preauricular area to access V2 and V3 divisions of the trigeminal nerve [12] . They observed better pain relief when electrodes were placed at the area of hyperalgesia compared with allodynia along the distribution of the trigeminal nerve. It is possible that, with this method, the electrodes preferentially stimulate A-beta fibers, which close the 'gates' in the spinal cord dorsal horn cells.
After placement of the electrode, it is sutured to adjacent myofascial structures in order to minimize migration risk. An extension cable is connected and tunneled to an external, temporary power source. Over the next five to seven days, the patient is allowed to test the system. If the symptomatic relief is adequate, the patient proceeds to the second stage and receives a permanent implantation. This procedure is similar to the trial, except a subcutaneous pocket is created to house the battery and programming component.
The use of ultrasound technology during implantation allows for percutaneous placement of the PNS electrode [25] and almost eliminates the need for skin incision and tissue dissection. Under ultrasound guidance, a 14-gauge needle is used to pierce the cutaneous tissues and visualize the target nerve and/or its fascicles. Once the needle approaches the target area, an electrode is passed through it into the vicinity of the nerve. Using this approach, multiple electrodes may be implanted in order to account for variability in the position of the nerve during normal movements. Permanent implantation of electrodes can similarly be performed under ultrasound guidance. The electrode is connected to an implantable pulse generator, which is placed next to the stimulated area in a separate pocket, typically in the abdomen, chest wall, buttock, or thigh.
Current Innovations
As interest in peripheral nerve stimulators increases, so do research and innovation in corresponding hardware. Recently, a new generation of devices has been developed that allows for external pulse generators to transmit impulses wirelessly to the implanted electrode, produced by Stimwave, Bioness, and SPR Therapeutics (Figure 1 ).
With this new technology, an extremely small, insulated electrical lead is inserted adjacent to peripheral nerve through a 14G Tuoy needle and under ultrasound guidance (Figure 1) [25, 35] . This insertion is similar to perineural catheter placement, which is widely utilized in regional anesthesia and acute pain medicine. The procedure is rapid and relatively less traumatic than conventional implantation.
Power is provided to the implanted wireless lead by external pulse generators that are wearable in belts, fabric, jewelry, etc. This technique eliminates the need for an implantable pulse generator (IPG) and tunneling of the electrodes to the IPG, thereby reducing the expense and morbidities. The use of this technology has been evaluated in a study of acute postoperative pain from total knee arthroplasty [36] . Ilfeld et al. inserted percutaneous peripheral nerve electrodes using ultrasound guidance in close proximity to the femoral and/or sciatic nerve(s). With the delivery of current, pain decreased an average of 63% at rest, with four of the five subjects having relief > 50%. The study was funded by SPR Therapeutics.
In agreement with those results, Deer et al. demonstrated in a prospective, multicenter, randomized, double-blinded, partial crossover study that a peripheral nerve stimulator with an external power source provided significant relief compared to control in patients with severe intractable chronic pain of peripheral nerve origin [37] [38] [39] [40] . In this study, 94 patients were implanted and then randomized to the treatment (N=45) or the control group (N=49). The patients who received active stimulation achieved a statistically significant higher response rate of 38% versus the 10% found in the control group ( < 0.0048). The mean pain reduction was 27.2% from baseline compared to a 2.3% reduction in the control group ( < 0.0001). During the partial crossover period, the treatment group again demonstrated statistically significant improvement in pain relief. This study was funded by Bioness Inc., manufacturer of the StimRouter.
Long-Term Outcomes
There is little evidence regarding the long-term efficacy of PNS therapy in managing chronic pain. Case reports and retrospective reviews do support that PNS may be helpful in chronic pain from peripheral nerve injuries. Mobbs et al. reviewed 38 patients, classifying them into four groups based on pain type: blunt or sharp nerve trauma (14/38), iatrogenic injuries from surgery (9/38), inadvertent injection of a nerve (9/38), and postsurgery for entrapment or tumor (8/38) [41] . Following the implantation of peripheral nerve stimulators, over 60% of these patients had significant improvement in their symptoms and lifestyle quality. A total of 15 patients reported fair or poor results (39%). Six patients required removal of their stimulators (15%) due to infection or reduction of pain control. Forty-seven percent (18/38) reported improvement in their activity levels.
In a separate study, Slavin et al. reviewed the records of ten patients who had intractable occipital neuralgia treated with peripheral nerve stimulators [42, 43] . Seven of these patients demonstrated beneficial effects (good pain control, employment, and decrease in oral pain medication intake) that lasted for 5-32 months (mean 22 months).
Verill et al. performed a prospective observational study in a private practice setting, consisting of 100 patients who received PNS for the treatment of chronic craniofacial, thorax, lumbosacral, abdominal, pelvic, and groin pain conditions [44] . They observed an average pain reduction of 4.2 ± 2.5 points on an 11-point scale (baseline pain score 7.4 ± 1.7 decreased to 3.2 ± 2.3 in follow-ups). At a follow-up period of stimulation. An extremely small, insulated electrical lead is inserted adjacent to peripheral nerve through a 14G Tuoy needle under ultrasound guidance [25, 35] . The lead insertion is similar to perineural catheter placement. No additional equipment is required to be inserted into patient's body. The procedure is rapid and relatively less traumatic. The external pulse generators, which are wearable in belts, fabric, jewelry, etc., provide power to the implanted wireless leads. The technique eliminates need for an implantable pulse generator (IPG) and tunneling of the electrodes to IPG, thereby reducing the expense of these therapies. The electrical energy is transmitted from external pulse generator to the implanted leads, inducing action potentials in nearby neurons.
8.1 ± 4.7 months (range 1-23 months) after PNS implantation, an overall 72% of patients reduced their analgesic use.
Conclusion
In context of the current opioid epidemic, when opioids kill nearly 42,000 people each year [45] , it is important for healthcare providers to recognize potential nondrug therapies for treating chronic pain. Although randomized controlled studies are currently lacking, there is hope that neuromodulation devices may bring a new horizon for the treatment of chronic pain related to trauma, nerve injuries, and stroke. Recent significant advances in the miniaturization of neuromodulation devices and an ultrasound-guided, minimally invasive implantation technique may be a tremendous step forward in nondrug solutions for chronic pain.
High Yield Points
(i) As techniques, including ultrasound guidance, evolve along with the technology of PNS systems, the utilization of this technology for the treatment of intractable chronic neuropathic pain and acute postoperative pain will likely increase.
(ii) Currently, most data regarding the efficacy of PNS is retrospective and/or observational. There are several RCTs currently underway evaluating the efficacy in PNS in treating intractable pain conditions.
(iii) The mechanism underlying the analgesic effects of PNS is thought to relate to the gate control theory of (iv) When evaluating for PNS, rigorous patient selection criteria should be followed and the exclusion of treatable conditions is paramount. In addition, one should confirm that all other treatment options have been exhausted.
9.
Questions for CME Activity (1) What is a common indication for implantation of a peripheral nerve stimulator? 
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